The Lower Silurian Longmaxi Shale in Southeast Chongqing of Sichuan Basin in China is considered to be a potential shale gas reservoir by many scholars in recent years. The special shale gas well, namely, Pengye-1 well, was selected as a case study to evaluate the characteristics of the shale gas reservoir. A series of experiments were performed to analyze the geochemical, mineralogical, and petrophysical features and gas content using samples of the Longmaxi Shale from Pengye-1 well. The results show that the organic and inorganic porosities of these samples are range of 0.08-2.73% and 0.06-2.65%, with the average of 1.10% and 1.76%, respectively. The inorganic pores primarily contribute to the porosity until the TOC content is more than 3%. Organic matter plays an important role in adsorbed gas content. The adsorbed gas is dominant in the Longmaxi Shale of Pengye-1 well, which ranges from 0.46 to 2.24 cm 3 /g, with an average of 1.38 cm 3 /g. The free gas content ranges from 0.45 to 0.84 cm 3 /g with an average of 0.68 cm 3 /g, and is 24.4-49.7 percent of total gas with an average of 37.5%. The bottom part of the Longmaxi Shale is the most favorable for shale gas exploring, which is higher of brittleness mineral content, porosity and gas content. Compare with the other five shales in America, the Lower Silurian Longmaxi Shale is derived from older sedimentary periods with significantly higher thermal maturity and has experienced several periods of intense tectonic, which are unfavorable for the shale gas enrichment.
Introduction
As a byproduct of economic and social development, energy demand has risen, and conventional oil and gas resources are constantly being consumed. The contradiction between the supply and demand of energy sources is become increasingly more serious, especially in China. Simultaneously, because of global climate warming, most countries and a variety of international environmental groups are calling for the use of clean energy resources and reducing emissions of greenhouse gases [1] . For these reasons, unconventional resources, particularly shale gas, have been receiving increasing attention. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
America's "shale gas revolution" has greatly stimulated China to accelerate the pace of shale gas exploration and development. Preliminary evaluation shows that shale gas resources in China are as much as (15- 30)×10  12 m   3 , which is far more than that of conventional natural gas resources [2] [3] [4] [5] . However, shale gas exploration in China cannot replicate the successful experience of the USA. The geological conditions of shale gas reservoirs in China are significantly different than those of the successful exploration areas in the USA. The marine shale gas reservoirs in southern China (i.e., the Lower Cambrian Niutitang shale and the Lower Silurian Longmaxi Shale) are derived from older sedimentary periods and have higher thermal maturity. They experienced strong multiphase tectonic movement, such as Indosinian, Yanshan and Himalayan period tectonic movements [6] [7] [8] [9] . Shale gas development depends on the conditions of geochemical, geological and engineering technologies. Geochemical characteristics (organic matter abundance, type and maturity) and geological features (mineral composition, porosity and gas content) are the key parameters for shale gas reservoir evaluation [10] [11] [12] which determine the potential for shale gas production. Because of the high organic matter abundance, high thermal maturity and stratigraphic continuity, the Longmaxi Shale was selected in this paper as a case study shale gas reservoir.
The Lower Silurian Longmaxi Shale in the Southeast Chongqing has been regarded as a source rock in the past several decades and has become the focus target for shale gas exploration in recent years [13] [14] [15] [16] . However, there are few wells that are drilled specifically for shale gas, and evaluations of shale gas reservoirs are limited. Pengye-1 well is a special cored well that was used to assess the geochemical and geological conditions of the Longmaxi Shale gas reservoir in 2012. Therefore, this paper investigates the Longmaxi Shale gas reservoir, especially the organic porosity, inorganic porosity and gas content, based on core samples from Pengye-1 well.
Geological setting
The Southeast Chongqing region investigated in this paper is located at the margin of the southeast Sichuan Basin. The Sichuan Basin, located in the west of the Yangtze metaplatform, is a large tectonically stable and old oil-gas-bearing superimposed basin, encompassing approximately 180 thousand square kilometers in Southwest China [17, 18] . The study area is in the southeast of Chongqing, China, and has an area of approximately 1.98×10 4 km 2 [19, 20] (Fig 1) .
In the Southeast Chongqing region, the residual Paleozoic strata are of Cambrian, Ordovician and Silurian age, with other layers that are denuded or missing [19, 20] . The Lower Paleozoic marine shale, mainly including the Lower Cambrian Niutitang Shale and the Lower Silurian Longmaxi Shale, are widely deposited in the Southeast Chongqing. In the Longmaxi Shale, the bottom and middle parts are derived from a deep-marine shelf sedimentary environment, and the top part is derived from a shallow-marine shelf sedimentary environment [20, 21] (Fig 2) .
There have been few special wells drilled to determine the characteristics of the Longmaxi Shale in shale gas research. Pengye-1 is an exploratory well that was specifically drilled to evaluate the Longmaxi Shale gas reservoir. At the bottom part of the Longmaxi Shale in Pengye-1 well (from 2160 m to 2122 m), grey and black carbonaceous shale and mudstone (approximately 38-m-thick) is present, including 8-m-thick carbonaceous shale of the Upper Ordovician Wufeng formation. (Fig 2) . The formation pressure coefficient of the Longmaxi Shale reservoir in Pengye-1 well is 1, namely the core samples for measuring water saturation were sealed preservation. Most of the cores of Pengye-1 well are stored in the core library of East China Branch, SINOPEC.
Experiment
3.2.1 TOC, kerogen type and maturity analysis. To estimate the shale gas reservoir, it is essential to confirm the various factors controlling the generation and storage of shale gas [10, 17] . Organic geochemistry is necessary to define the amount of gas generated from the shale layer. The key factors determining the volume of generated gas are the original total organic carbon (TOC), the kerogen type and the thermal maturity. In this paper, the geochemical parameters, including the evaluation of organic matter abundance (residual TOC), determination of organic matter type (kerogen optical maceral composition, H/C and O/C atomic ratios and δ 13 C), and description of thermal maturity (vitrinite reflectance), were measured. The residual TOC can be measured using a carbon and sulfur analyzer. The organic matter type can be assessed via transmitted light microscopy and the kerogen δ 13 C content, as measured by combustion module-CRDS for δ 13 C analysis. The vitrinite reflectance (R o ) is the most common method to evaluate thermal maturity, which is implemented by a microscopic inspection of kerogen and analysis of the reflectivity of the particles via a photomultiplier.
XRD analysis.
The mineralogical compositions of the samples were determined based on XRD patterns measured on randomly oriented powder preparates using an Ultima IV X-ray diffractometer at 40 kV and 30 mA with Cu Kα radiation (λ = 1.5406 for Cu Kα1). The crystalline mineral proportions (wt %) were calculated based on the areas under the peaks corresponding to each mineral and corrected using Lorentz Polarization [22] . It not only offers a quantitative evaluation of the crystalline components but also relates to the petrophysical properties and the friability of the shale.
3.2.3 Total porosity and specific surface area. To assess the shale gas reservoir, it is also important to discuss its total porosity. This paper adopted the current energy industry standard porosity measurement protocol from gas shale samples based on a helium pycnometry technique proposed by the Gas Research Institute (GRI) [23, 24] . Shale samples with a mass of approximately 250 g were prepared for the total porosity method. The samples were preheated in a vacuum oven at 100˚C for 12-16 hours to remove all pore fluids, such as water and oil. Afterwards, each sample was weighed using a balance set-up (Mettler Toledo AL104, readability 0.1 mg), and the bulk volume was measured by mercury immersion at less than 6.6 Pa (50 μm Hg) according to Archimedes' Principle. The bulk density (ρ b ) was calculated as the bulk volume divided by the bulk weight. Then, the sample was crushed into 80-200 mesh; after obtaining the grain weight, the grain volume was measured by helium pycnometry and Boyle's law. The grain density (ρ g ) was calculated using the grain volume divided by the grain weight. The total porosity (Ф total ) was calculated using the Formula (1) (dx.doi.org/10.17504/ protocols.io.icycaxw).
3.2.4 Low temperature nitrogen adsorption. The low temperature nitrogen adsorption was performed using a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. Powder samples of approximately 500 mg each (60-80 mesh grain size was chosen for consistency) were preheated in a vacuum oven of 10 μm Hg at 80˚C for 12-16 hours to remove all fluids (water, oil) and adsorbed gas in pores. Reagent grade nitrogen (99.999%) was used as an adsorbate at -196.15˚C, and adsorption/desorption isotherms were determined by recording adsorbed nitrogen quantities during the increase and decrease of relative pressures (P/P 0 ) ranging between 0.01-1 with the equilibration time set to 10 s. The specific surface areas of these samples were calculated using the Brunauer Emmette Teller (BET) and Langmuir models.
3.2.5 Measurements of gas content. The amount of shale gas is a key parameter for shale gas reservoir analysis. This paper used three methods to evaluate the amount and storage capacity of shale gas: gas logging, desorbed gas content measurement and isothermal adsorption.
Gas logging can be used to qualitatively evaluate the gas bearing characteristics of a shale gas reservoir. This technology, using a degasser, obtains gas carried by drilling fluid and detects the composition and content of gases, especially total hydrocarbon gas logging and methane logging. Generally speaking, higher methane logging values indicate a greater amount shale gas.
The isothermal adsorption experiment can evaluate the sorption gas capacity of shale samples as a function of pressure and temperature based on monolayer absorption. The experiments were performed at the shale gas reservoir temperature and pressure. The parameters of the Langmuir isotherm, such as the Langmuir volume (V L ) and the Langmuir pressure (P L ), were calculated by fitting the experimental results [25] .
The desorbed gas content measurement consists of three parts [26, 27] : (1) desorbed gas measurement, which directly measures the volume of shale gas released from a core sample sealed into a desorption canister; (2) residual gas measurement, which directly measures the volume of shale gas remaining in a core sample after the expiration of desorbed gas measurement; and (3) lost gas estimation, which indirectly estimates the volume of the gas desorbed from the core sample during its collection and before being sealed into an airtight desorption canister based on empirical correlations and gas storage capacity data derived from an isothermal adsorption experiment. This method was developed by the former USBM (US Bureau of Mines) [28] from the research of Bertard [29] .
Results and discussion

Geochemical characterization
A series of geochemical tests were implemented in core samples representing approximately 160 m of the Lower Silurian Longmaxi Shale, especially in the bottom and middle parts. A relatively complete geochemical characteristic profile of the Longmaxi Shale in Pengye-1 well was developed.
Organic matter abundance
The TOC values from a total of 72 samples range from 0.11% to 4.34%, with an average of 1.68%. The TOC decreases from the bottom to the top in the Longmaxi Shale of Pengye-1 well (Fig 2) . In the bottom part, the TOC values from 33 samples range from 0.73% to 4.34%, with an average of 2.66%. In the middle part, the TOC values from 29 samples range from 0.46% to 1.80%, with an average of 1.09%. In the top part, the TOC values from 10 samples range from 0.11% to 0.27%, with an average value of 0.16%. The TOC values of 22 samples are greater than 2.0%, with an average of 3.29%. These samples are all distributed in a 23-m-thick carbonaceous shale section at the bottom of the Longmaxi Shale.
Organic matter type
The maceral composition, H/C and O/C ratios, infrared spectrum, rock pyrolysis and kerogen δ 13 C content are commonly used to classify the source rock type [30, 31] . According to these parameters, the organic matter can be divided into four types: sapropelic (I), humic-sapropelic (II 1 ), sapropelic-humic (II 2 ) and humic (III) [32, 33] (Table 1) . However, for high thermal maturity source rock H/C and O/C ratio analyses, the infrared spectrum and rock pyrolysis are not feasible or accurate for classifying the source rock type [30, 34] . Because of the high thermal maturity of the Longmaxi Shale, this paper selected the kerogen δ 13 C content and maceral composition to clarify the type of Longmaxi Shale in the study area.
The kerogen δ
13
C content values from 2 samples of Pengye-1 well are -29.78‰ and -30.04‰. The source rock organic maceral were mainly animal organic matter, secondary components and mineral-bituminous matrix, and vitrinite, inertinite, exinite and sapropelite were not detected. Secondary components consisted of micrinite and solid bitumen ( Table 2) . Some studies of the organic matter of the Longmaxi Shale have been performed in the Southeast Chongqing and its adjacent areas. The kerogen δ [38] . Based on these data, the organic type is I. Furthermore, other studies have also demonstrated the organic matter type is I using the maceral composition [31, 37] . Therefore, comprehensive analyses in pre-existing studies suggest that the organic matter type of the Longmaxi Shale is sapropelic (I), which has a strong capability of generating oil.
Thermal maturity
The thermal maturity of the source rock was measured in 13 samples using microscopic inspection. The parameter of bitumen reflectance (R b ), also called marine vitrinite, is derived from the marine sediment in the Early Paleozoic strata. The relationship between vitrinite reflectance R o and R b has been previously established [39, 40] . R o was calculated using the following formula:
Using the above formula, the bitumen reflectance (R b ) was transformed into equivalent vitrinite reflectance (R o ), which was used for shale gas evaluation. The equivalent vitrinite reflectance values were in the range of 2.31% to 2.81, with an average value of 2.64%, which indicated that the Longmaxi Shale in study area was in the over-mature stage. This reflects that the Longmaxi Shale is in the dry gas generation window. In the over-mature thermal stage, source rock mainly generates dry gas accompanied with a small amount of gas condensate [17] .
Research has shown that large quantities of gas have been generated, especially from the secondary cracking of in-situ oils in the thermally over-mature stage [41, 42] . With reference to the Barnett shale, the primarily source of gas in the prolific Newark East Field is considered to be from the secondary cracking of oil and bitumen [12, 43] . Therefore, the Longmaxi Shale has favorable shale gas potential in the Southeast Chongqing due to its large organic matter abundance, sapropelic type and high thermal maturity. Clay minerals play a critical role in shale gas reservoirs. Clay minerals can form a "cardhouse" structure of individual edge-face-or edge-edge-oriented flakes and/or domains of faceface-oriented flakes [44] [45] [46] . The volume of this structure is composed of interparticle clay flake pores. Although these pores are primarily found in deeply buried ancient shale, how this cardhouse pattern has survived burial and diagenesis for hundreds of millions of years remains unknown [47] . Pores between floccules are larger than the diameter of methane molecules (0.38 nm) and may be interconnected to form permeability pathways [46] . However, higher clay mineral contents lead to a lower brittleness of shale gas reservoirs [48] . Shale formations with higher clay mineral content are not favorable for horizontal well fracturing operation, whereas hydraulic fracturing is necessary for shale gas wells. Considering the mineral composition, the bottom part is the most favorable for hydraulic fracturing to produce shale gas in the Longmaxi Shale.
Porosity and specific surface area
The porosity of shale samples impacts the capacity of shale gas, especially the free gas potential [48] . The free gas potential and adsorbed gas capacity indicate the maximum potential shale gas capacity, which is used to evaluate the commercial value of the shale gas reservoir [12] . The results of GRI method showed that the total porosity ranges from 1.79% to 4.82%, with an average of 2.85% for 23 cored samples from Pengye-1 well (Fig 2 and Table 3 ). The porosities were divided into organic and inorganic porosity. The organic pores are main nano-scale pores within organic matter grain formed from hydrocarbon generation. The organic porosity was calculated using the material balance principle and corrected by the organic pore correction coefficient (Formula 3), which was introduced in previous research results [49] (dx.doi. org/10.17504/protocols.io.iczcax6). The inorganic pores mainly occur within inorganic matrix of shale, including porous floccules, interparticle pores, microchannels, fractures and intraparticle pores located within mineral particles [46] . The inorganic porosity is the different of total porosity and organic porosity. The organic and inorganic porosities of these samples are range of 0.08-2.73% and 0.06-2.65%, with the average of 1.10% and 1.76%, respectively ( Table 3) . The total porosity contains organic porosity and inorganic porosity, and it also reflects the connected and unconnected pore volumes. The inorganic pores have a higher probability of being part of an effective pore network than the organic pores in the Longmaxi Shale from Pengye-1 well, because the inorganic pores are main interparticle pores and the organic pores are main intraparticle pores.
where Ф organic is the organic porosity of shale (%), w(TOC 0 ) is the weight percent of the original total organic carbon (%), I H0 is the original cracking hydrocarbon of unit quality organic carbon (mg/g), F(R o ) is the transformation ratio of oil and gas generated from organic matter (%), which is correlated with maturity, ρ rock is the density of shale (g/cm 3 ), ρ kerogen is the density of kerogen, which is approximately 1.2 g/cm 3 , and C is the organic pore correction coefficient.
Generally, the porosity of the reservoir decreases with increasing burial depth due to the process of compaction and diagenesis. However, the porosities of Longmaxi Shale have an obvious positive correlation with the TOC content (Fig 3) , and there were no significant relationships with other minerals, such as clay, quartz, feldspar and carbonate. This is due to the inorganic porosities of shale samples with different TOC content are almost equal, while the organic porosities of these samples obviously increase with increasing of TOC content. The inorganic pores primarily contribute to the porosity until the TOC content is more than 3%. The specific surface areas of these samples calculated using the Langmuir and Brunauer Emmette Teller (BET) models from were listed in Table 3 (Fig 4) . It indicates that the organic pores play a significant contribution on the specific surface areas in shale samples.
Gas content
Gas logging, gas sorption capacity, desorbed gas content measurement and free gas content calculation were used to qualitatively and quantitatively evaluate the gas content of the Longmaxi Shale. The gas content characteristics of the Longmaxi Shale have been illuminated. 
Gas logging
Gas logging detected the total hydrocarbon and methane content (vol. %) using a gas logging instrument. From the bottom to top in the Longmaxi Shale Pengye-1 well, both the total hydrocarbon and methane content show decreasing trends. In the bottom part, their values are in the range of 1.45% to 22.75% and 0.94% to 18.45%, with average contents of 8.50% and 6.22%, respectively. In the middle part, their values are in the range of 0.19% to 4.61% and 0.02% to 3.46%, with average contents of 1.53% and 1.1%, respectively. In the top part, their values are in the range of 0.14% to 0.57% and 0.13% to 0.52%, with average contents of 0.28% and 0.21%, respectively. It is obvious that the bottom part is the segment with the highest gas content.
Gas sorption capacity
To evaluate the gas sorption capacity of the Longmaxi Shale from Pengye-1 well, an isothermal adsorption experiment was performed using 8 shale samples. The TOC content of these samples ranged from 0.96% to 3.11%. The isothermal adsorption experiment was operated under the Longmaxi Shale temperature (60˚C) at moisture equilibration and with a maximum pressure of up to 10 MPa, which slowly increased and had several equilibrium pressure points. The gas sorption capacity of the Longmaxi Shale samples ranged from 0. (Table 4) . From the isotherms, the gas sorption content increased rapidly at a relatively low pressure and increased slowly at higher pressures. The rapidly increasing gas sorption was due to the overlapping adsorption between the inner surfaces of pores, with radii slightly larger than that of methane [50] .
The gas sorption capacity increases with increasing of TOC content. This indicates that the bottom of the Longmaxi Shale has the highest gas sorption capacity. There was a positive correlation between the TOC content and Langmuir Volume (V L ) (Fig 5) , which represents the gas sorption capacity of the shale sample. This relationship shows that the TOC content is a key factor in controlling the gas sorption capacity of shale samples, which is also consistent with Ross and Bustin (2007) . The positive relationship between the TOC content and gas sorption capacity is due to the specific surface area of nano-scale micropores (<200nm), which increases obviously with the increasing of TOC content (Fig 4) , created from hydrocarbon generation during formation subsidence and thermal evolution.
Adsorbed gas content measurement
The adsorbed gas content of a total of 20 samples ranged from 0.46 to 2.24 cm 3 /g, with an average of 1.38 cm 3 /g including lost, desorbed and residual gas from core samples (110 mm diameter). In the bottom part of the Longmaxi Shale, the gas content of 9 samples ranged from 0.9 to /g. In the middle part, the gas content of 9 samples ranged from 0.5 to 1.7 cm /g ( Table 5 ). The results also show that the gas content decreases from the bottom to top of the Longmaxi Shale in Pengye-1 well. The Longmaxi Shale has the highest gas content at the bottom part. There is a positive correlation (linear relationship) between the TOC content and gas content (Fig 5) , because the specific surface area of nano-scale micropores (<200nm) increases obviously with the increasing of TOC content (Fig 4) . This suggests that organic matter plays an important role in shale gas content.
Free gas content calculation
Free gas content of Longmaxi Shale in Pengye-1 well can be calculated based on the reservoir pressure, adsorbed gas content, adsorbed phase density, rock bulk density, reservoir temperature, porosity and water saturation by the Formula (4):
where V f (m 3 /t) is the free gas content per unit mass of shale, V a (m 3 /t) is the adsorbed gas content per unit mass of shale, P r (MPa) is the reservoir pressure, which is equal to the hydrostatic pressure, P s (MPa) is the pressure at standard condition, T r (K) is the reservoir temperature, which is range of 59-61˚C, T s (K) is the temperature at standard condition, ρ r (g/cm 3 ) is the bulk density of shale sample, ρ s (g/cm 3 ) is the shale gas density at standard temperature and temperature, ρ a (g/cm 3 ) is the adsorbed phase density, which is 0.421 (g/cm 3 ) as often used for methane adsorbed phase density in coal [50] , Ф (-) is the pore volume per unit volume shale, S w (-) is the water saturation of shale sample.
The free gas content of a total of 6 samples ranged from 0.45 to 0.84 cm 3 /g, with an average of 0.68 cm total gas with an average of 37.5%. These data indicates that adsorbed shale gas is dominant in the Longmaxi Shale of Pengye-1 well.
Compare with other shale gas reservoirs
The characteristics of the Longmaxi Shale and other five shale gas reservoirs were listed in Table 6 . Compare with the other five shales in America, the Lower Silurian Longmaxi Shale is derived from older sedimentary periods with significantly higher thermal maturity. It indicates that the main gas generation period of the Longmaxi Shale is earlier than those of other five shales and disadvantage for the shale gas enrichment. In addition, after main gas generation period the Longmaxi Shale has experienced several periods of intense tectonic [50] , including Indosinian movement and Yanshan movement, which are also unfavorable for the shale gas enrichment. 
Conclusions
The organic and inorganic porosities of these samples are range of 0.08-2.73% and 0.06-2.65%, with the average of 1.10% and 1.76%, respectively. The inorganic pores primarily contribute to the porosity until the TOC content is more than 3%. The inorganic porosities of shale samples with different TOC content are almost equal, while the organic porosities of these samples obviously increase with increasing of TOC content.
Organic matter plays an important role in desorbed gas content. There is a positive correlation between the TOC content and desorbed gas content, because the specific surface area of nano-scale micropores (<200nm) increases obviously with the increasing of TOC content. The adsorbed gas is dominant in the Longmaxi Shale of Pengye-1 well, which ranges from 0.46 to 2.24 cm
